. Indirect evidence indicates that Conclusions: Through comparisons with a number of structural homologs, we have assigned plausible functions to sevthe latter is also true for MobA [12]. In E. coli the mobA gene is cotranscribed with a second gene, mobB, which is not reeral of the residues that line the substrate binding pocket. 
Figure 1. Structures of Molybdopterin-Mo and Molybdopterin Guanine Dinucleotide (a) Molybdopterin-Mo (MPT-Mo). (b) Molybdopterin guanine dinucleotide (MGD).
The exact coordination of the molybdenum is unknown in the isolated cofactors and is subject to variation in the different molybdoenzymes [18] .
The mechanisms whereby these cofactors become inserted which is illustrated schematically in Figure 3 . The molecule resembles a shallow bowl with an outer-rim diameter of apand "dimerize" are unknown.
In this paper we report the crystal structure of MobA, which proximately 45 Å and a height of around 35 Å . The concave surface of the bowl descends some 10-15 Å from the lip to we determined by the multiwavelength anomalous dispersion (MAD) method. Additionally, we describe the features of the the base of a canyon approximately 22 Å in length and 15 Å across at its widest point. One edge of this canyon is delineated molecular model that has been obtained after refinement at 1.35 Å resolution. As this is the first structure of a molybdopterin by a surface loop, part of which is poorly ordered in the structure, that lies between strand ␤1 and a 3 10 helix. The canyon nucleotidyl transferase, it provides important insights into structure-function relationships in this class of enzyme.
would appear to be the most suitable location for a substrate binding pocket. MGD, the product of the MobA catalysis, spans approximately 20 Å when it is in an extended conformation as Results and Discussion observed in the molybdoenzymes, such as TMAO reductase [20] . MGD thus matches the dimensions of this cleft.
Overall Structure
The functional unit of MobA consists of a single 21.6 kDa polypeptide chain of 194 amino acids. It is folded into a sin-
Consensus Loop
The surface loop that occurs between strands ␤1 and the 3 10 gle domain comprising a central, predominantly parallel, 7 stranded ␤ sheet that is flanked on both sides by ␣ helices helix is highly conserved in MobA sequences (see next section) and thus is hereafter referred to as the consensus loop. Remi-(see Figure 2) . The connectivity of the ␤ sheet is Ϫ1x, Ϫ1x, ϩ3x, ϩ2x, Ϫ1, ϩ2 using the nomenclature of Richardson [19] , niscent of the P loops (or Walker A motifs) of nucleotide binding proteins that are implicated in phosphate binding [21, 22] , it is interactions with reactants through their backbone atoms while having highly variable side chains. rich in positively charged residues (arginine/lysine) and glycine residues. In these proteins the phosphate groups are generally bound by hydrogen bonds with main chain NH groups of the Electrostatic Surface Potential of the Binding Pocket The distribution of charge on the concave surface of MobA is loop (some NH groups being donated by glycine) and a conserved lysine residue. Shorter loops are associated with dinuquite striking (see Figure 5c ). The western edge of the canyon displays a ridge of electropositivity running from north to south, cleotide binding where the ligand is a cofactor (e.g., NAD), such as in the dehydrogenases, while longer loops are associwhile the eastern edge presents an extensive electronegative patch. These may play a role in protein-protein recognition, ated with mononucleotide binding (e.g., ATP) and the ligand is a substrate of the reaction, such as in the kinases [23] . The perhaps during the import of substrates or export of product by accessory proteins. The extreme oxygen lability of isolated length of the loop in MobA suggests a closer relationship to the mononucleotide binding P loops. The disorder seen in MPT and MGD [24] may necessitate this in order to minimize the exposure of cofactor to solvent. A direct interaction with the MobA consensus loop may be a crystallographic artifact caused by the binding of a metal-bis-citrate complex in a crysMogA, the supplier of the substrate MPT-Mo, is a strong possibility. Its molecular surface is largely electronegative or neutral tal contact region directly adjacent to the loop, although it seems likely that it is naturally very flexible in the absence of in character (calculated using Protein Data Bank [PDB] entry 1D17; not shown) and thus could interact favorably with the bound ligand. The similarity of the consensus loop sequence to ADP-glucose pyrophosphorylase, CDP-ribitol pyrophoselectropositive ridge of MobA during substrate delivery. At the deeper, northern end of the canyon, the electronegative base phorylase, and geranylgeranyl pyrophosphate synthetase has previously been noted [16] . The first two of these enzymes suggests a potential to bind Mg 2ϩ . Region C in particular would appear to be eminently suitable as it lies adjacent to the cluster catalyze the formation of a pyrophosphate bond between two phosphorylated substrates, while the third liberates pyrophosof strictly conserved residues Asp-101, Asn-180, and Asn-182. As suggested above, by analogy with the P loops of other phate during turnover. These observations suggest a mechanistic link between these enzymes and hence a role for the nucleotide binding proteins [23] , the residues (including the conserved residues Arg-19 and Lys-25) decorating the consenconsensus loop in catalysis.
sus loop provide positive charges that could be involved in binding the phosphate groups of substrates and products . A Sequence Conservation in MobA Proteins A comparison of MobA homologs from various sources, at hydrogen bond between the side chains of Lys-25 and Asp-101 may also be significant. The more neutral region D is lined least three of which have been shown to synthesize MGD [9, 14] , is shown in Figure 4 . The majority of surface sequence by a number of hydrophobic groups that may favor pterin binding through van der Waals stacking interactions. conservations occur on the concave face of the molecule, where they either line the canyon or reside in the consensus loop (see Figure 5a ). These have been mapped onto a molecular Structural Homologs of MobA The overall topology of MobA is reminiscent of that described surface in Figure 5b , where warm colors indicate a high degree of sequence identity and cold colors indicate little or no conseras the Rossmann fold, which is associated with dinucleotide binding [25] . The similarity extends from the N terminus of vation. Most of these identities are clustered around the northern end of the canyon (regions A-C), where it is at its deepest, MobA up to and including strand ␤4 (see Figure 3) . Thereafter, the connectivity varies somewhat and, furthermore, the next and this observation strongly suggests that this is where catalysis takes place. Nevertheless, it should be borne in mind that adjacent strand in the ␤ sheet of MobA (␤6) is antiparallel to the rest, whereas the central ␤ sheet of the classical dinucleotide this kind of analysis does not flag residues that make critical The remaining secondary-structural elements are conserved implicated in pterin binding exists at the C terminus of the ␤ sheet [26] .
in the N-terminal portion of the molecule roughly as far as residue 130 (or the end of strand ␤5) in both structures, although CKS has additional elements inserted between strands ␤5 and ␤6 and strands ␤6 and ␤7. CKS catalyzes the magnesium-dependent activation of 2-keto-3-deoxy-manno-octonic acid (KDO) through the attachment of CMP, for which CTP serves as a substrate; the reaction liberates pyrophosphate as a product. As in MobA, there is an obvious cavity visible at the C-terminal end of the ␤ sheet, and this cavity is partly defined by the loop between strands ␤1 and ␤2. This loop in CKS contains a pair of glycine residues in addition to an arginine (Arg-10) and a lysine (Lys-19). The latter two residues have been shown to be catalytically important by chemical modification and site-directed mutagenesis and are strictly conserved between the eight known sequences of CKS (data not shown). Unfortunately, this structure contains no bound ligand. The recently determined crystal structure of GlmU, an N-acetylglucosamine-1-phosphate uridyltransferase [33] , is perhaps the most significant known structural homolog of MobA for the reasons outlined below. It is a bifunctional enzyme having both acetyl transferase and pyrophosphorylase activities and two discrete domains that appear to be independently associated with each of these activities. Relevent to this discussion is the latter activity, whereby UMP is transferred from UTP to N-acetylglucosamine-6-phosphate (GlcNAc- to that of GlmU, an N-acetylglucosamine-1-phosphate uridyltransferase, which is likely to perform similar chemistry. The Nevertheless, the closing of the consensus loop over the substrate seems a distinct possibility, and the conserved Arg-19 latter has been crystallized with bound product, which also , and all subsequent downstream processing and overall criteria required for a structure at this resolution were either satisfied statistical analysis was effected using programs from the CCP4 suite [40] .
or exceeded. The parameters of the final model are summarized in Table 2 . A subset of the data comprising a random 5% of the reflections was set aside for the calculation of "free" (R free ) crystallographic R factors [41] during Substrate Docking Model model refinement. For the MAD data, after SCALEPACK ran (the "no merge"
The GTP-bound structure of MobA was modeled by simply docking a GTP option was used), the resultant files were processed with the program SOLVE molecule into the active site pocket with the program O [45]. The superposed (http://www.solve.lanl.gov) [42] . Refinement of the anomalous scattering ligand-bound structure of GlmU served as a guide [33] . Changes were made factors showed that the data set collected at a wavelength of 0.9802 Å gave to several of the rotatable bonds of the GTP molecule in order to improve the most negative fЈ value (Ϫ7.0) and hence was the closest to the true the fit, while the protein structure remained unchanged. A Mg 2ϩ ion was inflection point. Consequently, this data set was used in preference to the placed in a location previously occupied by a water molecule in the crystal other two that had been collected at wavelengths close to the inflection structure. The resultant model was not energy minimized. point (i.e. 0.9798 Å and 0.9795 Å ). The prefered inflection point data set was then taken, together with the peak and high-energy remote data sets, for Acknowledgments the subsequent phasing calculations in SOLVE. The low-energy remote data were not required for structure solution but were used for another purpose 
